ABSTRACT Assume a diploid species consisting of an infinite number of competing demes, each having Ne reproducing members and in which mating is at random. Then consider a locus at which a pair of alleles A and A' are segregating, where A' is the "altruistic allele," which has selective disadvantage a' relative to A with respect to individual selection, but which is beneficial for a deme in competition with other demes; namely, a deme having A' with frequency x has the advantage c(x -x) relative to the average deme, where c is a positive constant and x is the average of x over the species. Let 4 = 4p(x;t) be the distribution function of x among demes in the species at time t. Then, we have 84,/Ot = L(+) + ax --)+, where L is the Kolmogorov forward differential operator commonly used in population genetics [i.e., L = (1/2) (82/8x2)V6x -(8/Ox)MaxJ, and M6x and V&x stand for the mean and variance of the change in x per generation within demes. As to migration, assume Wright's island model and denote by m the migration rate per deme per generation. By investigating the steady state, in which mutation, migration, random drift, and intra-and interdeme selection balance each other, it is shown that the index D = c/m -4Nes' serves as a good indicator for predicting which of the two forces (i.e., group selection or individual selection) prevails; if D > 0, the altruistic allele predominates, but if D < 0, it becomes rare and cannot be established in the species.
In population genetics, diffusion models have been used quite successfully in treating the change of gene frequencies in finite populations (1) (2) (3) . Particularly, diffusion models have proved themselves to be invaluable in developing theoretical population genetics at the molecular level (refs. 4 and 5; for review, see ref. 6) . In all these treatments, it is customary to assume that natural selection acts through survival and reproduction of individuals rather than through competition of subpopulations.
Although the significance of group selection in evolution is controversial, it is an essential ingredient in the now-famous shifting-balance theory of evolution by Wright (see refs. 7 and 8 for review). Previously, Wright (9) had pointed out that it is difficult to see how socially advantageous but individually disadvantageous mutations can be fixed without some form of intergroup selection. Despite his emphasis on interdeme selection, however, Wright has not produced any quantitative theory treating the process of such selection.
The incentive of this paper derives from the recent work of Aoki (10) , who investigated in quantitative terms the conditions for group selection to prevail over counteracting individual selection. In what follows, I shall develop a diffusion model for treating intergroup selection in addition to conventional individual selection, mutation, migration, and random drift. I shall then propose an index (to be denoted by D) which serves as a good indicator for predicting which of the two-that is, group selection or individual selection-prevails when they counteract each other. Diffusion We denote the frequency (proportion) of the altruistic allele A' within a deme by x and consider the frequency distribution of x (0 x -1) among the entire collection of demes making up the species. Let 4(x;t) be the distribution function of x at time t such that 4(x;t)Ax represents the fraction of demes whose frequency of A' lies in the range (x, x + Ax).
We assume that, within each deme, mating takes place at random among diploid members, and mutation and individual selection occur as treated in standard population genetic theory (2): in each generation, mutation occurs from A to A' at the rate v', and, in the reverse direction, at the rate v. In other words, v' is the rate at which the altruistic allele A' is produced, and v is the back mutation rate. Therefore, the rate of change in x by mutation is v'(1 -x) -vx. A' is assumed to have selective disadvantage s' (>0) relative to A, and selection is "genic" (i.e., "no dominance"), so that the rate of change in x by individual selection is -s'x(l -x).
Migration is assumed to occur following Wright's island model (11)-namely, each deme contributes emigrants to the entire gene pool of the species at the rate m and receives immigrants from that pool at the same rate. Thus, if x is the average frequency of A' in the entire species, the rate of change in x in a given deme by migration is m(I -x).
Let us now consider the effect of interdeme selection. We shall denote by c(x) the coefficient of interdeme selection. This represents the rate at which the number of demes belonging to the gene frequency class x change through interdeme competition. This means that during a short time interval of length At, the change of +(x; t) is [1]
In this paper, we shall treat the case in which c(x) is linear so
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is the mean change per generation of x within demes due to the joint effect of mutation, migration, and individual selection; c is the coefficient of interdeme competition; and x is the mean of x over the species-i.e.,
in which 4) = + (x; t). Note that Eq. 2, except for the last term c(x-x)+, is the standard form of the Kolmogorov forward equation commonly used in population genetics (cf. page 372 of ref.
2).
For the purpose of deriving expressions for the moments of x, the following equation is useful. Let f(x) be a polynomial of x or a suitable continuous function of x. Then, using the same method as used by Ohta and Kimura (12) to derive their equation A3, we obtain aElf(x)) = E a' d2f (x) af(x) ) at 12 ax2 "Iax [3] where E stands for the operator of taking expectation with respect to the distribution 4. For example, if we put f(x) = x, we have f'(x) = 1 andf"(x) = 0, and we obtain the following equation that gives the rate of change of the mean.
dt where x = E(x) is the mean and crX2 = E{(x --)2} is the variance of the distribution. From [5] and it leads to the well-known distribution due to Wright (11):
+0(x) = Const. es'XxV'+Mi-1 (1 -x)V+M(1x)-l, [6] where S' = 4Nes', V' = 4Nev', V = 4Nev, and M = 4Nem, (0 < x < 1). Because the constant term (Const.) is simply a normalizing factor so that all of the frequency classes add up to unity, I shall neglect this in the following treatment. Under condition 5, Eq. 4 yields
where primes denote differentiation and [7] [7a]
Because we must have +i(x) = constant for c = 0, we attempt to solve Eq. 7 under the condition that +i(x) remains finite and continuous throughout the closed interval [0,1], including the two singular points x = 0 and 1. In particular we let fi(0) = 1. Substituting Eqs. 2a and 2b in Eq. 7 but neglecting mutation terms v' and v, we have [8] where M = 4Nem, S' = 4Nes', C = 4Nec, 0 ' x ' 1, and 4i stands for +i(x).
Let +i(x) = eY(x), then Eq. 8 becomes
dx [9] Letting x -) 0 and noting that dny/dxn remains finite at x = 0 (n = 1, 2, 3, ...) we obtain
Distribution at steady state where R = C/M = c/m. This means that in the neighborhood of x = 0, we have
We shall now investigate the steady-state distribution, to be denoted by O(x), which will be realized when a statistical equilibrium is reached under the joint effects of recurrent mutation, migration, intra-and interdeme selection, and random ge- [4] [4a] Of these two Taylor series, the former, that is, Eq. 11 is particularly useful in deriving an approximate distribution function and also an approximate value for x, as I shall explain below.
Eq. 11 (together with higher order terms in the series) suggests that y(x) = Rx is a good approximation for the solution of Eq. 9 when IS' -RI is small. In fact, it can be shown that y(x) = Rx is the exact solution of Eq. 9 when S' -R = 0. In the following treatment, I shall denote R -S' by D, so that D = R-S' = c/m-4Nes'.
[14] Because the required solution of the original Eq. 4 is 0(x) = Const. eY(x)-s'x {xa-l (1 -x)a}, [15] where a = V' + MT and /8 = V + M(1 -T), we may use (neglecting the constant term)
[15a]
as a good approximation to the distribution when IDI is small. If we further assume that the mutation rates are much lower than the migration rate, i.e., v' + v << m, we obtain -x= 2BD -1 + (1 -BD)2+4%BD], [16] where B = M/[(M + 1)(V + V')] and Ao = V'/(V + V'). Note that Ao is the equilibrium frequency of A' attained if the alleles were selectively neutral. In order to obtain more exact values for x, we must resort to the numerical solution of the differential equation (Eq. 9). This was done as follows. Note that x = 0 and x = 1 are singular points and that we must be careful in the neighborhood of these two points. For a small value of x, say x < 0.05, Eq. 11 was used to obtain values of y(x). Beyond such a small value of x, LungeKutta methods were used to integrate Eq. 9 step by step up to a certain point near 1, say x = 0.9, beyond which Eq. 13 was incorporated to make sure of the process of numerical integration.
In terms of this function y(x), the required solution of the original Eq. 4 is given by Eq. 15 Fig. 1 A and B , where the abscissae represent the index D (D = R -S') and the ordinates represent the average frequency (x) of the altruistic allele.
In Fig. 1A , the solid curve represents the case in which the intensity of individual selection is varied (4Nes' is changed from 1.0 (Fig. 1A) , the dotted line represents the approximate relationship between D and x as computed by using Eq. 16 . It is remarkable that the agreement between the approximate values (dotted curve) and the more exact values (solid curve) are so close to each other as to be indistinguishable over most of the range studied. Note that in this case D = 0 corresponds to = 0.5 because the mutation rates are equal in both directions. Fig. 1B illustrates the case in which the mutation rate at which the altruistic allele A' is produced (i.e., v') is only 1/10 as high as the back mutation rate (v). More precisely, it is assumed that 4Nev' = 0.0004 and 4Nev = 0.004. To construct the solid curve, we assumed 4NeC = 4Nes' = 0.4, and 4Nem is varied from 2.0 to 0.4 (D ranges from -0.2 to 0.6). In this case, the mean frequency corresponding to D = 0 is x = v'/(v' + v) = 1/11 0.091 because of the lower mutation rate to A'. In the same figure (Fig. 1B) , the dotted curve is obtained by using the ap- These results also demonstrate remarkably rapid transition from x 0 to x 1 as D changes from a negative to a positive value. This must be valid as long as the deme size (Ne) is small, so that both 4NeV and 4NeV' are much smaller than unity.
Discussion
The diffusion model used in this paper is an extension and elaboration of a model proposed in my earlier paper (13) in reference to Wright's theory of evolution. In that paper, I argued as follows (see page 47 of ref. 13) . Suppose "the total population is subdivided into small and mutually competing subgroups, each of which has finite probability of splitting and multiplying into two or more groups as well as of being exterminated." Then, "fr(x,t), the quantity proportional to the probability of the group whose gene frequency is x at time t, , will satisfy the equation dif/dt = L(ii) + Cal, where L is the differential operator" of the type given in Eq. 4a of this paper (actually, its multidimensional form) and C is "the rate of increase of the number of subgroups with given genie constitution due to intergroup competition."
More recently, a similar approach was used by Boorman and Levitt (14) to investigate group selection. They assign extinction function -E(x) to C, so that, at the limit t = 00, all the frequency classes vanish-i.e., 4if(x,oo) = 0 for all x. In other words, the cohort eventually becomes extinct.
On the other hand, in the present model, in each generation a certain fraction of demes become extinct while some of the other demes multiply, so that the total number of demes remains constant. This is clearly seen by settingf(x) = 1 in Eq. 3 (19) , and Leigh (20) .
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